Nonsense suppression therapy is a therapeutic approach aimed at treating genetic diseases caused by in-frame premature termination codons (PTCs; also commonly known as nonsense mutations). This approach utilizes compounds that suppress translation termination at PTCs, which allows translation to continue and partial levels of deficient protein function to be restored. We hypothesize that suppression therapy can attenuate the lysosomal storage disease mucopolysaccharidosis type I-Hurler (MPS I-H), the severe form of α-L-iduronidase deficiency. α-L-iduronidase participates in glycosaminoglycan (GAG) catabolism and its insufficiency causes progressive GAG accumulation and onset of the MPS I-H phenotype, which consists of multiple somatic and neurological defects. 60-80% of MPS I-H patients carry a nonsense mutation in the IDUA gene. We previously showed that 2-week treatment with the designer aminoglycoside NB84 restored enough α-L-iduronidase function via PTC suppression to reduce tissue GAG accumulation in the Idua tm1Kmke MPS I-H mouse model, which carries a PTC homologous to the human IDUA-W402X nonsense mutation. Here we report that long-term NB84 administration maintains α-L-iduronidase activity and GAG reduction in Idua tm1Kmke mice throughout a 28-week treatment period. Examination of more complex MPS I-H phenotypes in Idua tm1Kmke mice following 28-week NB84 treatment revealed significant moderation of the disease in multiple tissues, including the brain, heart and bone, that are resistant to current MPS I-H therapies. This study represents the first demonstration that long-term nonsense suppression therapy can moderate progression of a genetic disease.
INTRODUCTION
Nonsense suppression therapy is a therapeutic approach aimed at treating diseases caused by nonsense mutations. Suppression of translation termination at nonsense mutations occurs when an aminoacyl-tRNA base pairs with a premature termination codon (PTC) and the amino acid carried by the aminoacyl-tRNA is incorporated into the nascent polypeptide at the site of the PTC. This allows translation elongation to continue in the original ribosomal reading frame and results in the production of full-length polypeptide. A number of drugs have been found to stimulate nonsense suppression and restore partial function of deficient proteins associated with a variety of genetic diseases [1] .
In this study, we examined whether nonsense suppression therapy can moderate the progression of the lysosomal storage disease mucopolysaccharidosis I-Hurler (MPS I-H). MPS I-H is caused by a severe deficiency of the enzyme α-L-iduronidase, which is encoded by the IDUA gene. Loss of α-L-iduronidase function results in an inability to degrade the glycosaminoglycans (GAGs) dermatan sulfate and heparan sulfate. This leads to progressive accumulation of these GAGs and onset of the MPS I-H phenotype that consists of multiple somatic and neurological defects [2] . MPS I-H patients are born without symptoms; however, presentation of the disease manifests during infancy with frequent respiratory and/ or ear infections, hernia development, restricted joint movement, altered facial features and skeletal deformities. Developmental delay usually becomes apparent by 12 to 24 months of age followed by a progressive cognitive decline and onset of multiple neurological abnormalities. Progressive joint and skeletal disease leads to significant disability. Furthermore, MPS I-H patients develop progressive valvular and cardiac disease. Without therapeutic intervention, most MPS I-H patients succumb to the disease in their first decade due to cardiorespiratory failure and neurologic disease.
MPS I-H is an excellent candidate disease for nonsense suppression therapy. First, genotype/ phenotype correlation studies indicate that MPS I-H has a low threshold for correction since as little as 0.3-1% of normal α-L-iduronidase function significantly alleviates the MPS I-H phenotype [3, 4] . Second, nonsense mutations are prevalent among MPS I-H patients, where it is estimated that 60-80% of MPS I-H patients carry a nonsense mutation [5] .
We previously found that the aminoglycoside gentamicin restored enough α-L-iduronidase via PTC suppression to normalize GAG accumulation and lysosomal morphology in cultured primary MPS I-H patient fibroblasts [6] . However, current clinical aminoglycosides are prohibited from long-term use for suppression therapy due to their toxicity [7, 8] .
Recently, a novel rational drug design strategy was devised to generate new aminoglycosides that are more effective in mediating PTC suppression and less toxic than conventional aminoglycosides [9] . One of the aminoglycoside derivatives created by this drug design strategy, NB84, restored enough α-L-iduronidase activity to reduce GAG accumulation by 15-65% in Idua tm1Kmke mouse tissues after two weeks of administration [10, 11] . Fibroblasts from patients with attenuated forms of MPS I (Scheie; Hurler-Scheie) have been reported to retain 20-70% fewer GAGs than cells from MPS I-H patients [4] . Based on these values, the level of GAG reduction observed in Idua tm1Kmke mice treated with NB84 may be sufficient to attenuate the severe MPS I-H phenotype in multiple tissues.
In the current study, we examined whether long-term NB84 treatment can reduce or prevent progression of morphological and functional defects associated with MPS I-H in Idua tm1Kmke mice. We found that the restoration of α-L-iduronidase function and the corresponding decrease in GAG accumulation associated with NB84 treatment could be maintained for 28 weeks in Idua tm1Kmke mice. Furthermore, Idua tm1Kmke mice treated with NB84 for 28 weeks exhibited moderation of the MPS I-H phenotype in multiple tissues including the CNS, heart and bone, which are resistant to current MPS I therapies. This suggests that nonsense suppression therapy, alone or in combination with other MPS I therapies, may be effective in treating MPS I-H in patients that carry nonsense mutations.
MATERIALS AND METHODS

Animal Treatment
The Baasov lab (Technion-Israel Institute of Technology) synthesized NB84 [9] . NB84 was dissolved in sterilized PBS and administered at a dose of 30 mg/kg via daily subcutaneous injections to 10-week-old mice daily for 2 weeks and to 3-week-old mice three times weekly (M/W/F) for either 9 or 28 weeks. Age-matched untreated mutant and wild-type control cohorts were included for each treatment group. Clinical chemistry analysis of blood and urine samples was conducted by Antech Diagnostics. All animal work was conducted according to relevant national and international guidelines. All animal protocols used in this study were reviewed and approved by the UAB IACUC (APN#120109344).
Biochemical Assays
Assays to determine α-L-iduronidase, β-hexosaminidase, and β-glucuronidase activities and sulfated GAG levels were performed as previously described [10] . Enzyme specific activities were calculated as picomoles of released substrate per mg of total protein per hour. Enzyme activities remained linear over the incubation times. Tissue sulfated GAG levels were calculated as μg of GAGs per mg of defatted, dried tissue using a dye-binding assay (Blyscan), where chondroitin 6-sulfate was used as a reference.
Elevated Zero Maze
The apparatus consists of a circular maze, 70 centimeters in diameter, raised 40 cm above the platform, and divided into four equal sections. Two opposite sections have 15 cm high sides of non-transparent material, and the other two have only a 0.5 cm high wall. The animal is put in the arena at the juncture of a high wall and a low wall, and observed for 4 minutes, with a camera driven tracker system, (Ethovision, Noldus, The Netherlands). The system records the position of the animal in the arena at 5 frames/second. The test was performed once per animal to prevent habituation. After each testing day and in between animals the apparatus is wiped down with chlorhexidine and 70% ethanol and allowed to air-dry.
Western blotting
Fifty micrograms of total protein lysate was subjected to SDS-PAGE and transferred to Immoboline-P membrane (Millipore). Blots were incubated with antibodies to GFAP (EMD Millipore), IBA-1 (Wako Chemicals), LAMP-1 (DSHB), or tubulin (Abcam) according to manufacturer instructions. 125 I-Protein A (GE)-bound proteins were detected and quantified using a Storm PhosphoImager and ImageQuant software (GE).
Immunohistochemistry
The right brain hemisphere was collected in 4% paraformaldehyde (PFA) at sacrifice after 5 minutes of perfusion with PBS. After 18-24 hours in PFA the tissue was rinsed twice for 1 hour each in 70% ethanol and then maintained in 70% ethanol. Tissue was subsequently processed, paraffin-embedded, and sectioned on a microtome at 9μm thickness. Sections were then stained using fluorescent antibodies to GFAP (EMD Millipore), IBA-1 (Wako Chemicals), LAMP-1 (DSHB), then amplified using HRP-conjugated secondary antibodies (VectorLabs ImmPress anti-mouse and Invitrogen Superpic anti-rabbit) and TSA amplification (Perkin Elmer Cy3+ and Fit-C+); bis-benzamide DNA. Sections were imaged on a Nikon A1 Confocal Scanning Laser microscope and images generated using version 4.13 Nikon Elements Software at UAB's High Resolution Imaging Facility.
Ultrasound Echocardiography
Doppler transthoracic echocardiography was performed by an experienced sonographer using a Visual Sonics Vevo 2100 Imaging System and 30MHz MS400 MicroScan transducer (FUJIFILM VisualSonics, Inc., Toronto). Mice were anesthetized initially with 5% isoflurane and then maintained with 1% to 2% isoflurane. Core temperatures and heart rate were continuously monitored and maintained at ~37 degrees and ~500 beats per minute, respectively. The chests of the mice were treated with a chemical hair remover to reduce ultrasound attenuation. B-mode guided M-mode measurements of left ventricular wall thickness of the septum and posterior walls were made at the papillary muscle level. An apical four-chamber B-mode color Doppler view was used to position pulse wave Doppler measurement of flow at the tips of the mitral valve leaflets. M-mode was also used to measure ascending aorta lumen diameter and wall thickness at the midpoint between the aortic sinus and the innominate artery. Flow was measured at the aortic root using M-mode Doppler and evaluation of flow turbulence in the aorta was evaluated with color Doppler. When possible, measurements were made on three consecutive beats.
Micro-computed tomography
Excised mouse femurs were scanned using the Scanco uCT40 desktop cone-beam micro-CT scanner. Bones were placed vertically into 12mm diameter holders and scanned at 12 μm resolution, 70kVp, 114μA with an integration time of 200ms. Cortical bone was scanned at the midshaft and consisted for 25 slices, 12μm in thickness. Fewer scans are needed for cortical bone due to its uniformity. Scans were reconstructed and the region of interest was drawn at the outside of the cortical bone such that all of the cortical bone and marrow were included. No trabecular bone was included. The threshold for cortical bone was set at 282 and the 3-D reconstruction was performed on all 25 slices. Data was obtained on bone volume (BV), total volume (TV), BV/TV, and cortical thickness. The trabecular bone was scanned from the growth plate consisted of 200 slices, with each slice 12μM in thickness. Scans were reconstructed into 2-D slices and 100 slices were analyzed using the μCT Evaluation Program (v5.0A, Sanco Medical). The region of interest was drawn on each of the 100 slices just inside the cortical bone to include only trabecular bone and marrow. The threshold for trabecular bone was set at 212 to distinguish it from the marrow. The 3-D reconstruction was performed using all the outlined slices. No cortical bone was included in the analysis. Data was obtained on bone volume (BV), total volume (TV), BV/TV, trabecular number (number of intersections between bone and non-bone components), trabecular thickness, trabecular separation (space between trabeculae), connectivity density (density of trabecular connections), and structural model index (trabecular bone structure characterization: plate-like (SMI=0); rod-like (SMI=3); sphere-like (SMI=4).
Osteoclast TRAP staining
Mouse femurs were excised and fixed in 70% ethanol, decalcified, embedded in paraffin, and longitudinally sectioned into 5μm sections. Osteoclasts within femur sections were stained for tartrate-resistant acid phosphatase (TRAP) as previously described [12] . Areas of bone and TRAP staining were measured in red and green channel images, respectively, using ImagePro Plus v6.2 software (Media Cybermetics, Rockville, MD). TRAP-stained material was quantitated per area (mm 2 ) of bone examined.
Statistics
All statistics were calculated with two-tailed unpaired t-tests using InStat or GraphPad Prism software.
RESULTS
Long-term NB84 treatment attenuates MPS I-H CNS phenotypes
MPS I-H patients develop intellectual disability; however, patients with attenuated forms of MPS I (Scheie; Hurler-Scheie) have normal intellect. Genotype-phenotype correlations among MPS I patients indicate that only 0.3-1% of normal α-L-iduronidase activity can preclude neurodegeneration and normalize lifespan [3, 4] . Systemic enzyme replacement therapy (ERT) cannot prevent neurodegeneration in MPS I-H patients because the recombinant enzyme cannot enter the central nervous system (CNS) [13] . In contrast, aminoglycosides enter the CNS at ~10-20% of their serum concentration [14, 15] . We therefore evaluated whether long-term NB84 administration alleviated CNS phenotypes in Idua tm1Kmke mice. Compared to wild-type controls, less than 0.02% of residual α-Liduronidase activity is present in whole brain lysates from untreated Idua tm1Kmke mice ( Figure 1A) . Similar to the level of α-L-iduronidase function restored after 2-week or 9week NB84 treatment [11] , we found ~0.4% of normal α-L-iduronidase function was restored in Idua tm1Kmke mouse whole brain lysates after 28 weeks of NB84 treatment. We next determined whether this enzyme level reduced GAG accumulation ( Figure 1B) . Remarkably, we found that GAG levels were reduced ~60% in whole brain lysates from Idua tm1Kmke mice treated with NB84 for 9 or 28 weeks compared to untreated controls, ã 2-fold greater GAG reduction than observed after 2-week NB84 treatment [10, 11] . This enhancement in GAG reduction may be the result of longer administration and/or the earlier initiation of NB84 treatment for the long-term studies (begun in 3-week-old mice for the long-term studies as opposed to 10-week-old mice for the 2-week study).
In addition, excessive GAG accumulation has been shown to be associated with an increase in lysosomal proliferation for many MPS diseases [6, 10, 11, 16] . Consistent with this observation, increased lysosomal proliferation was also found in Idua tm1Kmke mice as indicated by an elevation in the activity of multiple lysosomal enzymes, including βhexosaminidase ( Figure 1C ) and β-glucuronidase ( Figure 1D ). However, a significant reduction in the activity of these lysosomal enzymes was observed in brain lysates of NB84treated Idua tm1Kmke mice, indicating that the GAG reduction mediated by NB84 treatment is able to reduce secondary lysosomal proliferation. Together, these results indicate that NB84 enters the CNS, restores enough α-L-iduronidase activity to reduce GAG storage, and can maintain the improvements observed in MPS I-H biochemical endpoints for >6 months. Similar results were also observed for MPS I-H biochemical endpoints in other tissues, including the spleen ( Figure 2 ) and heart ( Figure 4A ).
Evidence of neuropathology was previously reported in MPS I and MPS III knockout mice [17, 18] . We evaluated neuropathology in Idua tm1Kmke mice by examining the following CNS markers using immunohistochemistry (IHC) and western blotting: LAMP-1, a lysosomal marker increased during lysosomal proliferation; IBA-1, an activated macrophage/microglia marker indicative of neuroinflammation; and GFAP, an activated astrocyte marker upregulated in response to CNS distress/disturbance. IHC staining of brain sections indicated elevations in the abundance of all three markers in untreated 31-week-old MPS I-H mice compared to age-matched WT controls. This upregulation was partially relieved in MPS I-H mice treated with NB84 treatment for 28 weeks (Figure 3A-C) . Quantification of the three CNS markers in whole brain lysates using western blotting indicated their levels were increased 2.5 to 5 fold in untreated MPS I-H mice relative to wild-type controls ( Figure 3D-G) . However, the abundance of all three CNS markers decreased ~80% in Idua tm1Kmke mice treated with NB84 for 28 weeks relative to untreated controls, suggesting that NB84 treatment significantly moderated the progression of neuropathology associated with MPS I-H.
Long-term NB84 treatment attenuates MPS I-H cardiac phenotypes
GAG accumulation in the heart tissues of MPS I patients leads to cardiomyopathy, thickened cardiac valves, progressive narrowing and occlusion of epicardial coronary arteries, and eventual congestive heart failure [19] . ERT and hematopoietic stem cell transplantation (HSCT) alleviate much of the MPS I cardiac phenotype, but cannot prevent valvular disease [13, 20] . Whole heart lysates from untreated Idua tm1Kmke mice revealed a 4 to 8 fold increase in GAG accumulation ( Figure 4A , which leads to significant thickening of the aorta, aortic valve, and atrioventricular valves [21] . Doppler echocardiography assessments of 31-week-old Idua tm1kmke mice recapitulated previous reports evaluating MPS I animal models and MPS I patients [19, 22, 23] . Abnormalities were observed only in male Idua tm1Kmke mice and included dilation of the ascending aorta with concomitant turbulent blood flow. Morphological and functional measures revealed increases in aortic lumen diameter ( Figure 4B ), left ventricular stroke volume ( Figure 4C ), and aortic wall thickness ( Figure 4D ). Treatment with NB84 for 2, 9 or 28 weeks reduced GAG storage in whole heart lysates by ~15-20% relative to untreated controls ( Figure 4A ). In male Idua tm1Kmke mice treated with NB84 for 28 weeks, the modest GAG reduction contributed to a 38-46% reduction in aortic lumen diameter, a 93% decrease in left ventricular stroke volume, and a 64% decrease in aortic wall thickness relative to male Idua tm1Kmke controls ( Figure 4B-D) . Together, these results demonstrate that suppression therapy reduced MPS I-H progression in the hearts of male Idua tm1Kmke mice.
Long-term NB84 treatment attenuates MPS I-H bone phenotypes
Musculoskeletal defects are a major cause of morbidity among the various MPS diseases. MPS I patients develop severe abnormalities in bone structure as well as articular cartilage and joints [24] that cannot be prevented by ERT or HSCT [13, 20] . Skeletal abnormalities that develop in MPS I-H patients include short stature, spinal misalignment, long bone deformation, macrocephaly, hip dysplasia, chest deformity, and facial dysmorphism. Idua tm1Kmke mice recapitulate many of the clinical skeletal defects observed in MPS I-H patients, including facial dysmorphism, thickening of their digits, and thoracolumbar kyphosis as well as thickening of the zygotic arch, broadening of the ribs, and shortening and thickening of the long bones [21] . Micro-computed tomography (micro-CT) analysis of the three-dimensional architecture of femurs from 31-week-old male Idua tm1Kmke mice (relative to wild-type controls) indicated abnormalities in both cortical and trabecular bone ( Figure 5A -G) that are consistent with defects reported in other MPS animal models [25] and in MPS patients [24] . In agreement with findings in MPS I-H knockout mice [12, 26] , a 4-fold elevation in osteoclast number was observed in the femoral growth plates of Idua tm1Kmke mice relative to wild-type controls ( Figure 5H) . Consistent with the accumulation of aminoglycosides in bone-forming tissues at 10-20% of their serum concentration [27] , we found significant improvements in multiple bone parameters in Idua tm1Kmke mice treated with NB84 for 28 weeks compared to untreated controls. Micro-CT analyses indicate a ~40-60% improvement in cortical and trabecular bone parameters ( Figure 5A-G) . Osteoclast abundance was also reduced by ~40% ( Figure 5H ). These data indicate that NB84 treatment attenuates progression of MPS I-H bone abnormalities.
Long-term NB84 treatment improves MPS I-H mouse activity
Behavioral defects have been reported in MPS I and MPS III knockout mice [28] [29] [30] . Using the elevated zero maze assay, we found a significant decrease in activity (distance traveled) in 31-week-old Idua tm1Kmke mice relative to age-matched wild-type controls ( Figure 6 ). However, in Idua tm1Kmke mice treated with NB84 for 28 weeks, distance traveled was restored to wild-type levels, indicating a general improvement in phenotype. This activity assay might be considered analogous to the "six minute walk test", an endpoint used in clinical trials to assess functional improvement [31] .
Long-term NB84 treatment did not induce toxicity in mice
Traditional aminoglycosides are associated with nephrotoxicity and ototoxicity [7, 8] . To determine whether long-term NB84 treatment induced toxicity in mice, sera from mice treated with NB84 for 28 weeks and untreated controls were subjected to clinical chemistry analyses that included multiple endpoints for liver and kidney function (Antech Diagnostics). Of the 18 parameters evaluated, only three (alkaline phosphatase, bilirubin, creatinine) changed significantly in NB84-treated mice relative to untreated controls (Table  1 ). However, comparison of these endpoint values relative to averages reported for C57BL/6 mice (the genetic background of Idua tm1Kmke mice) in the Jackson Laboratories Mouse Phenome Database [32] indicated that these differences are within normal parameters. No anomalies attributable to NB84 treatment were found during histological analysis of liver, kidney, lung, brain, or heart. Also, no significant changes in weight or food consumption were observed. These results indicate that long-term NB84 administration did not induce significant toxicity in mice.
DISCUSSION
Current treatments for MPS I include enzyme replacement therapy (ERT) and hematopoietic stem cell transplantation (HSCT). ERT, the intravenous administration of recombinant α-Liduronidase protein (aldurazyme ™ ), treats many somatic defects associated with MPS I, but cannot prevent development of bone, heart valve and ocular abnormalities [2] . In addition, aldurazyme is unable to penetrate the CNS, and therefore does not prevent onset of neurological abnormalities associated with MPS I-H. HSCT treats many features of MPS I, including neurological defects, but only if treatment is initiated at an early age (≤ 2yrs) [2] . However, heart valve, bone and ocular abnormalities persist. The limitations, cost and potential risks associated with current MPS I treatments indicate that more effective treatment options are needed. In this report, we investigate the potential of nonsense suppression therapy to treat MPS I-H. We found that long-term administration of the nonsense suppression drug NB84 restored enough α-L-iduronidase function to reduce GAG accumulation and ameliorate MPS I-H progression in multiple tissues of the Idua tm1Kmke MPS I-H mouse, including the CNS, heart and bone. Consistent with previous studies that have shown early intervention increases the therapeutic benefit of ERT or HSCT for treating MPS I-H [33] [34] [35] [36] [37] , we also found that more robust improvements in MPS I-H biochemical endpoints were observed in the CNS when suppression therapy was administered to younger mice. This may be due to the ability of drugs to penetrate the blood-brain barrier at a greater level in younger mice [38] and/or the prevention of GAG accumulation during early ages. Overall, these results suggest suppression therapy may be a viable treatment for MPS I-H, either alone or in combination with other MPS I treatments.
The concept of PTC suppression as a treatment for diseases caused by nonsense mutations was introduced almost two decades ago [39] . Subsequently, ~100 studies have shown that nonsense suppression can partially restore expression of deficient proteins associated with 40 different diseases [1] . However, no study to date has demonstrated that suppression therapy can prevent or alleviate progression of a disease phenotype. The meager progress in the development of suppression therapy may be attributed to the lack of: 1) safe, effective drugs; 2) relevant animal models; and 3) adequate disease endpoints to effectively assess therapeutic efficacy. The current study addresses each of these limitations and makes significant contributions to the advancement of nonsense suppression therapy. First, MPS I-H represents an excellent candidate disease for suppression therapy due to its low threshold for correction and the high frequency of nonsense mutations in MPS I-H patients. Furthermore, the Idua tm1Kmke MPS I-H mouse is a superb animal model to test suppression therapy because it closely recapitulates the human MPS I-H phenotype and has abundant quantifiable disease endpoints. In addition, NB84 represents a major step forward in the development of safer, more effective nonsense suppression drugs. The toxicity associated with aminoglycosides is unrelated to their ability to suppress PTCs associated with cytoplasmic ribosomes, but rather is due to off-target binding of aminoglycosides to membrane lipids [40] and their affinity for mitochondrial ribosomes [41] . NB84 was designed using a rational drug design to better target eukaryotic cytoplasmic ribosomes in order to increase the effectiveness of PTC suppression and to decrease toxicity compared to conventional aminoglycosides [9] . In support of this design rationale, not only was NB84 found to suppress PTCs more effectively than traditional aminoglycosides [9] [10] [11] , it was also shown to be significantly less toxic (~5 fold) in mammalian cells [9] . In addition, we found no evidence of toxicity in mice treated with NB84 for 28 weeks.
The data generated from this study using the MPS I-H model represents a critical proof of concept that demonstrates the feasibility of using suppression therapy to treat genetic diseases attributable to nonsense mutations. Based on information from the National Institutes of Health (NIH) Office of Rare Disease Research (http://rarediseases.info.nih.gov) and the National Organization for Rare Disorders (http://www.rarediseases.org), over 7,000 distinct genetic diseases have been identified that affect roughly 300 million people worldwide. Approximately 11% of the gene lesions that caused inherited human disease are nonsense mutations [42] . This indicates that millions of individuals could potentially benefit from nonsense suppression therapy. We anticipate that the advancement of personalized medicine and the continued development of safe, effective drugs will allow suppression therapy to progress into a treatment for many genetic diseases. 
